Abstract -Thin film CdTe was deposited by pulsed dc magnetron sputtering. Magnetron sputtering offers significant advantages for the deposition of thin film photovoltaic including low deposition temperatures and excellent coating uniformity. However the films are susceptible to stress due to the relatively high deposition energy. In this study, deposition temperature and argon gas flows have been used to minimize stress in the deposited films. TEM imaging was used to investigate the crystalline structure of the deposited films and XRD was used to measure strain. XRD analysis showed that stress can be minimized by depositing the CdTe thin film at temperatures of approximately 200°C using relatively high argon gas flows of 60 sccm. Moreover, this increase in substrate temperature has the further advantage of promoting larger grain sizes up to 500nm in the deposited films.
I.
[NTRODUCTION However, there are many other techniques used to deposit
CdTe including electro-deposition, evaporation, close space sublimation and magnetron sputtering [3] - [S] . The advantages of magnetron sputtering include thin film uniformity, thin film density and the use of relatively low substrate temperatures. In magnetron sputtering using radio-frequency power supplies, thin films of CdTe are usually deposited at substrate temperatures of �2S0°C [6] [8]. The thin films deposited by pulsed dc magnetron sputtering are susceptible to higher stress due to the relatively high energy of deposition. Substrate temperature and the working gas deposition pressure are important tools used to control stress. The stress can be source of void formation in the film and can lead to damage of the CdS/CdTe interface during the CdClz recrystallization step.
[I.
EXPERIMENTAL DETAILS
Thin films of CdTe have been deposited by pulsed dc magnetron sputtering on NSG-Pilkington TECIO glass. The glass substrates were first cleaned in 10% IP A solution in DI water in an ultrasonic bath. This was followed by a rinse in DI water and drying. The substrates were then further cleaned and activated using a vacuum plasma treatment (SOOW, ArINz ambient for Smin). CdS and CdTe thin films were then sputtered on the plasma-activated TEC 1 0 glass in an argon environment. The deposition temperature and
Argon gas flow were controlled during the thin film CdTe deposition to investigate stress formation in the as deposited layers.
Post annealing was also investigated as a way of reducing the stress. The films were annealed using a hot plate in air at temperatures between 300°C and 400°C.
The deposited films were characterized by transmission electron microscopy (TEM), X-ray Diffraction (XRD) and by using a UV-Vis spectrophotometer. TEM of device cross-sections provided information about the grain size and crystalline structure of the deposited films. XRD was used to assess strain and stress. The stress can affect the band gap and thus the transmISSIOn edge. The spectrophotometer was used to monitor the transmission edge of the deposited films.
The XRD data was collected using a Bruker D2
PHASER. The X-ray source is Cu Ka with a wavelength of calculated by monitoring the shift of the peak in the XRD spectra [9] . The lattice constant d has been calculated using:
Strain can be calculated by comparing the bulk do spacing with measured values d: a.
Ar gas flow
The effect of Ar gas flow was investigated in the range from 20 sccm to 100sccm during depositions to evaluate the influence of the process pressure on the properties of the deposited films.
The static deposition rate of CdTe thin films was calculated from step height measurements which were obtained using a stylus profilometer. The TEM images of cross sections, prepared using FIB etching, were used to observe change in the film crystalline structure in response to the Ar gas flow change. Fig. 3 shows the TEM images obtained for films deposited using gas flows of 50sccm. The films have a distinct columnar grain structure. The grains extend through the entire thickness of the fi 1m with a grain diameter of � 100nm. The parallel line features correspond to high densities of faults in the material. XRD measurements were used to observe the shift of the peak since this can be used to calculate strain in the film.
The peak position for stress free bulk material is marked for reference. The XRD data was used to calculate the d spacing and strain. The results of the calculations are summarized in Table 1 . 
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b. Deposition temperature
The influence of the substrate temperature on the films was investigated by depositing a range of films at the substrate temperatures between ambient and 400°C. The Ar gas flow was fixed at 50sccm during these experiments.
The static deposition rate of CdTe thin films deposited at different temperatures was calculated from step height measurements taken using stylus profilometer. Fig. 8 Table 2 . 3�8 "-,-,,-,-,-,-,-, ,, ,-,-,-,-,-,-,-, ,-- c.
Sample annealing
The deposited samples were post-annealed at 300°C, 350
°C and 400°C in an attempt to remove the stress introduced during the deposition. The films were annealed on a hot plate in air ambient for 10 minutes. Table 3 When the Ar gas flow was varied during the deposition the deposition rate decreased with increase in Ar gas flow.
The highest deposition rate of 2.4 nmls was measured for thin films deposited using a 20 sccm Ar flow and reduced to 1.7 nmls measured at 100 sccm (all films deposited at 250°C). The TEM cross-sectional analysis showed that the films deposited at 50 sccm Ar gas flow have a crystalline structure consisting of columnar grains. The grains extend through the thickness of the deposited films. The TEM cross-sectional analysis of films deposited without substrate heating showed that the films deposited at 20 sccm Ar gas flow have a crystalline structure consisting of small crystallites. As the gas flow was increased the thin films formed a more distinct columnar grain structure. The grains extend through the thickness of the deposited films.
The XRD measurements showed that the (111) peak position was closest to the stress free bulk values for the CdTe thin films deposited using an Ar gas flow of 60 sccm.
The highest value of band gap (1.425) was produced for the thin film deposited at 20 sccm Ar gas flow. The band gap decreased linearly with increasing Ar gas flow.
The deposition rate decreased with increasing substrate temperature during the growth of the CdTe thin films. The highest rate was 2.8 nm/s measured for the thin films deposited without the use of substrate heating. The deposition rate decreased to 1.6 nm/s for films deposited at 400°C (all the films were deposited at 50 sccm Ar flow).
The cross-sectional TEM analysis showed that the substrate temperature has a significant effect on the crystalline structure of the deposited films. The grain size increased to 
